The effect of MgB 2 addition on the Eu 1 Ba 2 Cu 3 O 7 (EBCO) ceramics was systematically studied. Series of Eu 1 Ba 2 Cu 3 O 7 + x(MgB 2 ) samples (x = 0 wt.%, 0.05 wt.%, 0.1 wt.%, 1 wt.%, 3 wt.%) were prepared using traditional solid state method. X-ray powder diffraction measurements were used for phase identification. The lattice parameters and orthorombicity decreased with MgB 2 addition. A standard four point measurement method was used to determine transition temperatures T c of superconducting samples. T c values of the samples were decreasing with MgB 2 concentration. TGA results indicate thermal stability of doped samples.
Introduction
After the discovery of superconductivity in cuprate perovskite compounds [1] , a lot of research has been done to investigate the mechanism responsible for superconductivity in these compounds. REBCO type superconductors (RE: rare earth elements) have been effectively examined due to their high potential in electrical and magnetic applications [2] [3] [4] .
A large number of experimental and theoretical efforts have been made to improve superconductivity and granular coupling of bulk REBCO [5] [6] [7] [8] [9] . Chemical doping for high-T c superconductors has attracted a considerable attention worldwide because it is an effective tool to enhance physical properties of superconductors [30] . This is the most common way to regulate the properties such as the atomic-scale electronic structure, the current carrying capacity and the transition temperature. A lot of studies have been performed on the effect of doping in REBCO system to find the physical mechanism of superconductivity.
The physical properties of high temperature superconductors are very sensitive to deviations from * E-mail: akduran@gmail.com stoichiometry. Some doping elements suppress superconductivity and may disrupt the CuO 2 layer. Studies have confirmed that because of REBCO doping, some microstructural defects, such as point defects, dislocations, twin and grain boundaries are produced in the superconductor. The dopants and defects act as pinning centers, thus, preventing flux movement and increasing the critical current which results in a decrease in critical temperature [10] [11] [12] [13] [14] . On the other hand, some studies show that addition of certain materials can enhance the flux pinning behavior and the superconducting transition temperature T c of REBCO [15] . Increasing of T c depends on chemical composition, crystallite size, alignment of grains, etc. [16] . The addition of particles in REBCO significantly affects the enhancement of T c by refining the microstructure, phase formation or increasing hole concentration [17] .
The discovery of MgB 2 superconductivity at 39 K in 2001 [38] , has generated great interest in basic and applied superconductors research. The compound has the highest T c among intermetallic superconductors. Soon after, many kinds of elements have been doped into this superconductor in an attempt to advance its superconducting properties [18] [19] [20] . However, until now, there has not been any report on MgB 2 addition effects to Eu 1 Ba 2 Cu 3 O 7 (EBCO).
In this work, the effects of addition of MgB 2 on the structural, electrical and thermal properties of EBCO-123 have been examined. By changing the amount of MgB 2 compound, the structural, electrical and thermal properties of doped EBCO materials have been researched.
Experimental
The EBCO samples were produced by solid state chemical reaction. The initial powders of Eu 2 O 3 , BaCO 3 , and CuO were mixed in nominal stoichiometric ratios according to the chemical formula Eu 1 Ba 2 Cu 3 O 7 . The starting mixtures were finely ground in an agate mortar for homogenization. In order to eliminate residual carbonates, the samples were calcined in air atmosphere at 965°C for 48 h. The procedure was repeated typically twice with intermediate grinding. After this process, the samples were synthesized for 48 hours to form Eu 1 Ba 2 Cu 3 O 7 at 965°C and annealed at 500°C for 36 h in oxygen atmosphere. After annealing, the samples were cooled to room temperature in the turned off furnace. In the second part of the experiment, different weight ratios (x = 0 %, 0.05 %, 0.1 %, 1 % and 3 %) of commercial MgB 2 were added to E 1 Ba 2 Cu 3 O 7 . EBCO + x(MgB 2 ) powders were mixed thoroughly using agate mortar and pressed into disc-shaped pellets under a pressure of 10 ton/cm 2 . The thickness and the diameter were 0.2 cm and 1 cm, respectively.
The EBCO + x(MgB 2 ) pellets were sintered at temperatures of 965±5°C for 24 h in oxygen medium and cooled to 500°C for 8 h. The sintered samples were annealed at 520°C in the flowing oxygen for 24 h to provide complete oxygenation. After annealing, the samples were once again cooled to room temperature in the turned off furnace, in oxygen medium.
The structure of the samples was determined by the powder X-ray diffraction technique using CuKα radiation (λ = 1.5406 Å) with a powder X-ray diffractometer. The data were analyzed by least-squares method to calculate unit cell dimensions. The electrical resistivity of the samples was measured by four point resistivity measurements within 77 K to 300 K. Colloidal silver liquid was used as a contact material.
The TGA analysis of the samples was performed with a thermal analyzer at 10°C/min heating rate under nitrogen flow.
Results and discussion
X-ray diffraction patterns of pure and MgB 2 added EBCO samples are shown in Fig. 1 . To all diffraction peaks (h k l) values have been assigned. It should be noted that XRD peaks of the samples do not show any peaks of MgB 2 and related compounds. It seems that the dopant MgB 2 , added up to 3 wt.%, has not entered the EBCO structure. As a result, XRD patterns of the composite system show no noticeable trace of impurity phases. Most likely, MgB 2 and related peaks with very low intensity may be small compared to the noise level of the background. The least-squares refinement method was applied to the determination of lattice parameters. These are in good agreement with the ICDD PDF-2 database. Additionally, with increasing x value for EBCO + x(MgB 2 ) samples, the lattice parameters of the orthorhombic cell, a and b, approach each other. On the other hand, the increase in concentration of MgB 2 , corresponds to a substantial decline of the lattice parameter c. The net result Table 1 .
, is of interest because it is one of important structural quantities. The orthorhombic strain values are given in Table 1 . As seen in the table, the strain parameter starts to decrease with the MgB 2 content. The decrease in orthorhombicity indicates the decrease in the orthorhombic strain in the samples. The samples have not remained orthorhombic. These results show that the orthorhombic to tetragonal phase transition took place. The increasing of MgB 2 content resulted in decreasing the strain parameter value to zero.
It is obvious that intensity of the XRD peaks decreases monotonously when MgB 2 concentration is increased and this is clear in Fig. 1 at all diffraction angles. This decreasing in peak intensities is probably associated to the lattice disorder and strain induced in the EBCO lattice due to the doping of MgB 2 . Furthermore, the Bragg peak intensity decreased due to increasing of the non-superconducting phase. This means that degradation occurred in orthorhombic phase, while the peak of tetragonal phase was growing [31] . The deterioration in orthorhombic phase is always associated with a change in relative peak intensities at 58.0°, 46.5°and 32.7°, respectively. At the end of the orthorhombic to tetragonal transformation, the two diffraction peaks intensities have been reversed. It is apparent that we can observe much better orthorhombic splitting at 32.7°and 46.5°. This decreasing of the orthorhombic phase resulted in a decrease in the critical temperature T c .
In Fig. 2 , the variation of resistivity as a function of temperature is shown for EBCO -x(MgB 2 ) system with x = 0 % to 3 %. In Fig. 2a , two different regions are seen for x = 0 %, 0.05 % and 0.1 % samples. These three samples show the expected metallic behavior in the normal state which is one of these regions. The metallic behavior is usually described in terms of electron-phonon interaction. In this region, Baskaran et al. [29] suggested that resistivity can be fitted to R(T) = A + BT functional form. A and B have been obtained from the resistivity slope (dR/dT) and residual resistivity R res at T = 0 K. The other region is characterized by the formation of cooper pairs above the transition temperature [32] . Resistivity deviates from linearity due to the cooper pairs at a characteristic temperature T s , which indicates the existence of excess conductivity [36] .
In Table 2 , T c , T s , R300 and R res values are given for doped and undoped samples. The room temperature resistivity (R300) greatly depends on grain size, electron scattering effects at grain boundaries and porosity. Its linearity approves the opinion that the preparation and synthesis method was correct. As seen in Table 2 , the room temperature resistivity increases with the doping level. This shows expected influence of impurity and doping level of the samples on the room temperature resistivity. Furthermore, at temperatures near absolute zero the electrical resistivity of the samples R res predominantly arises from lattice defects and scattering centers, such as impurities, dislocations, etc. The residual resistivity is often used to express the state of purity of samples. The minimum R300 and R res have been detected for x = 0 % sample. On the other hand, the normal state resistivity, residual resistivity, and temperature of deviation from linear behavior have been detected for higher values of x. Residual resistivity is of the order of ohms for x = 1 % and 3 %. It means that the MgB 2 additives have affected the superconductivity of the samples. T s is the temperature of deviation from linear behavior. It is seen that T s is increasing with the doping level. For x = 1 % and x = 3 %, this deviations is not observed in the samples because of non-metallic behavior. However, a clear increase in the resistivity was observed for these doping levels.
It is clearly seen from the results that T c values of the samples are decreasing with MgB 2 concentration. This T c reduction is related to decreasing in grain coupling and enhanced weak-link behavior of polycrystalline samples [21] . It has been known that grain boundaries, misorientation between grains and impurities are detrimental to the transport properties of superconductors. The weak link behavior is generally due to nonsuperconducting phases, misorientation between adjacent grains, atomic disorder along the boundaries and the presence of impurities [22] . The reduction of transition temperature with the addition of MgB 2 may be caused by reduction in the content of oxygen in CuO chains [23] . It can be related with the mechanism created by disorder in oxygen vacancies [24, 25] . For the cuprate superconductors, the carrier concentration can be improved by apical oxygen movement along CuO 2 planes which is in position between copper oxide plane and chain [33, 34] . These oxygen atoms play a significant role because of acting as hole dopant [28] .
According to Zhang et al. [26] there is a universal relationship between hole content and T c . Examining figure of the relationship in the work [26] , T c /T cmax exhibits a plateau region. After two years, Tallon et al. [27] presented a universal empirical formula between T c /T cmax and carrier concentration p:
where p is the hole carrier concentration per Cu ion and it has been determined by this empirical relation. Superconductivity occurs within the limits 0.05 p 0.27 which vary slightly in different cuprates. The insulating phase and nonsuperconducting metallic phase have been observed at p < 0.05 and p > 0.27, respectively [37] . p values are listed in Table 2 . It is found that p values are slightly decreased with doping content.
The observation of different values of T c and hole concentrations, strongly suggests that presence of MgB 2 affects superconducting grains and significantly suppresses superconductivity. This result is in a perfect agreement with XRD results which were previously described. In addition to this, the broadening of the transition temperature is caused by decreasing oxygen content which is observed in x = 0.05 % and 0.1 % doped samples in Fig. 2a . This widening is also attributed to inhomogeneity of the samples and differences [35] . At the high doping level for x = 1 % and 3 %, the normal state resistivity increases and shows a semiconducting behavior as seen in Fig. 2b . The increase in the resistivity can be elucidated by increasing the impurities, defects or by decreasing the relaxation time of electrons as the MgB 2 concentration increases.
In Fig. 3 , TGA curves are plotted for x = 0 %, 0.05 %, 0.1 %, 1 % and 3 %. TGA is a technique that measures weight change with respect to temperature. It gives information about changes in physical and chemical properties of materials as a function of increasing temperature. Furthermore, the phase changes may be detected in the temperature range. Critical thermal points (T 1 , T 2 , T 3 and T 4 ) are marked by arrows in Fig. 3 . As seen in Fig. 3 , the crystallization kinetics changes in comparison to the undoped sample. Hydrated oxides decompose with elimination of moisture at low temperatures below 140°C since the powders were handled in air.
The thermogravimetric curve consists of a twostage mass loss for x = 0 % and 0.05 %. The first stage corresponds to the temperature region of 400°C to 900°C and the other one is above this temperature. For the first zone, the weight loss observed in the curve is connected with oxygen amount that goes out from or into the Cu-O basal plane O(2) and O(5) sites. The increasing temperature at about 400°C affects mainly this oxygen, which is the most loosely bound in the structure. For this reason, the mass loss in this stage is due to easily released oxygen in the Cu-O chains. At temperature T 2 , for x = 0.1 %, 1 % and 3 % a shoulder around 830°C, corresponding the to melting point of MgB 2 can be seen. The temperature corresponding to the weight loss of 99 % has been labeled as T 3 . It is a measure of thermal stability of a material. T 3 shifts to higher temperatures for increased doping level. It should be noted that, x = 3 % sample has the highest thermal stability. This means that removing oxygen from the doped sample is very difficult. Most probably, the oxygen in MgB 2 doped samples is connected with a higher activation energy compared with the undoped sample. T 4 is a final temperature after melting and further decomposition of the samples. In Table 3 , it can be seen that the melting point of undoped sample is higher than those of the doped ones. The undoped and doped samples are characterized by different molecular packing and lattice alignment. This is why the melting temperature change is expected. For x = 1 % and 3 % samples, the melting point is the lowest. The results indicate that MgB 2 helps to lower the melting 
Conclusions
In summary, the effect of MgB 2 addition on structure, thermal and electrical properties of the Eu 1 Ba 2 Cu 3 O 7 superconductor has been investigated. XRD patterns of EBCO -x(MgB 2 ) composite system did not show any noticeable impurity peaks. However, the diffraction results revealed that, the orthorhombic structure is not maintained. This result confirms the orthorhombic to tetragonal phase transition. The strain parameter starts to decrease with the MgB 2 content. Increasing of MgB 2 content leads to decreasing the strain parameter value to zero. Lattice parameters of the orthorhombic cell, a and b, approach each other with increasing of doping level. MgB 2 additives affect also transition temperature of the samples, which decreases with MgB 2 concentration. The reduction of T c with the addition of MgB 2 may be caused by reduction of the content of oxygen in CuO chains.
The thermogravimetric curve consists of a twostage mass loss for x = 0 % and 0.05 % samples. The first stage corresponds to the temperature region of 400°C to 900°C and the second one is above 900°C. In addition to these zones, for x = 0.1 %, 1 % and 3 % a shoulder can be seen around 830°C which corresponds to the melting point of MgB 2 . The temperatures of a 99 % weight loss shift to higher values with increasing doping level. This means that it is more difficult to remove oxygen from the doped samples.
In addition to this, MgB 2 helps to lower the melting temperature of EBCO without producing any other additional compound.
